[1] Chlorophyll-a concentration derived from satellite ocean color sensor are compared with coincident wind speed difference between microwave scatterometer QuikSCAT product and reanalysis product from the National Center for Environmental Prediction over global oceans. The objective is to explore if a natural surface film, which originates in biological productivity, causes the underestimation of surface wind in scatterometer measurement by damping the small capillary wave through the surface tension. The wind speed difference (Reanalysis wind -QuikSCAT wind) is found to correlate positively with chlorophyll-a over the biologically highly productive areas, especially from intra-seasonal to seasonal time scales, indicating the surface film effect. The wind speed difference increases from $À1 m s À1 to $0.5 m s À1 as chlorophyll-a increases from $0.1 mg m À3 to $3 mg m À3 , which is comparable with the results of previous laboratory experiments with artificial oil.
Introduction
[2] Microwave scatterometer has been developed mainly to measure the surface wind over the global ocean. A scatterometer sends microwave pulses to the surface and measures the backscattered power from surface roughness. Over the oceans, the surface roughness is caused by cmscale capillary waves, which are believed to be in equilibrium of the surface wind stress. However, surface roughness is influenced not only by wind speed but also by secondary effects, such as sea surface temperature (SST) [e.g., Liu, 1984] , atmospheric density stratification [e.g., Liu, 1984; Wu, 1991] , surface current [e.g., Kelly et al., 2001] , rain [e.g., Weissman et al., 2002] , and surface film, all of which are neglected in the current standard wind retrieval algorithm. There is a large uncertainty about surface film effects because of the difficulty to obtain the surface film distribution. Liu [2002] gave a summary of the principles of scatterometry, the secondary effects on backscatter, and major scientific applications of scatterometer data.
[3] The ubiquitous surface film over the ocean originates from organic matter due to the biological productivity, and is thought to be one of the physically and chemically important factors in air-sea CO 2 exchange [Frew et al., 1990; Asher, 1997; Tsai and Liu, 2003] . The surface film dampens the cm-scale capillary waves through the surface tension [Alpers and Hühnerfuss, 1989] . Therefore, the reduced backscatter due to the surface film's wave damping may cause underestimation in surface wind speed retrieval from scatterometers.
[4] Such backscatter reduction by the surface film has been long observed as 'slicks' by satellite Synthetic Aperture Radar (SAR) [e.g., Clemente-Colon and Yan, 1999; Lin et al., 2002] and used for accidental oil spill detection. However, all of the previous studies have focused on the slicks in the small scale near the coastal region, taking advantage of the high resolution of SAR.
[5] The effects of surface film on scatterometer measurements have been found in the laboratory wind wave tank experiment (see Alpers and Hühnerfuss [1989] for reviews). There are also some airborne Ku-band scatterometer experiment studies [e.g., Hühnerfuss et al., 1978; Singh et al., 1986; Gade et al., 1998 ]. There have been no observations of such effect on spacebased scatterometers in open ocean until the recent study by Lin et al. [2003] . They showed that backscatter reduction on QuikSCAT occurred near the chlorophyll-a-rich area in the northern North Atlantic. However, their study was limited to Sea-viewing Wide Field-of-View Sensor (SeaWiFS) images composited over just a few days.
[6] In this study, we attempt, for the first time, to describe the systematic error of the scatterometer wind caused by the natural surface film's wave damping effect, which is resulted from plankton blooming, over global oceans. Our emphasis is on the strong annual variation of biological productivity called spring bloom, which extends several thousand kilometers. The effect of natural surface film on scatterometer wind measurement in such large spatial scale and long time scale in the open ocean is important for climate study.
Data and Methodology
[7] Here, we make two assumptions; 1) Satellite-derived chlorophyll-a is used here as the alternative to the natural surface film since there are no global surface film dataset and it is known that phytoplankton can produce large amounts of natural surface film [Zutic et al., 1981; Frew et al., 1990; Asher, 1997] ; 2) the wind speed difference between surface wind of global reanalysis and the scatterometer wind is used here as the scatterometer wind error because 'true' surface winds are not sufficiently available in open oceans.
[8] Following the above assumption, we use space-borne ocean color sensor derived chlorophyll-a concentration (CHL) (mg m
À3
) from SeaWiFS Level 3 data standard mapped image product. CHL is originally gridded at a 9 km Â 9 km and daily resolution by NASA Goddard Space Flight Center, Earth Science Data Distribution Active Archive Center. For scatterometer wind measurement, we use the SeaWinds/QuikSCAT 10-m height equivalent neutral wind product (WQ) interpolated by a successive correction method [Liu et al., 1998 ] to twice-daily 0.5°Â 0.5°grid fields. We also use the 10-m height wind product of US National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis [Kalnay et al., 1996; Kistler et al., 2001] . Since any scatterometer data have not been assimilated into the NCEP/NCAR reanalysis data, it is worth comparing them. To be consistent with QuikSCAT neutral wind product, the NCEP/NCAR 10-m height equivalent neutral wind (WN) is calculated from the 10-m height wind speed, air temperature and specific humidity at 2-m height, surface pressure, and SST of NCEP/NCAR reanalysis by using the surface-layer parameterization method of Liu et al. [1979] .
[9] After re-gridding the above dataset from January 2000 to December 2001 onto 2.5°Â 2.5°and 3-day average to be compared with each other, we define the wind speed difference as
If the surface film is influential in the scatterometer wind causing the reduction of WQ, and the two assumptions mentioned above are valid, it is expected that dW increases (decreases) when CHL increases (decreases), that is, dW is positively correlated with CHL. In the following section, the local correlation between dW and CHL are globally examined and then, the time series of all variables and the dW dependency on CHL, WN and SST on each area where dW is positively correlated with CHL are shown.
Results
[10] The global distribution of biological productivity in the ocean is well observed by the space-borne ocean color sensor [e.g., Yoder et al., 1993] . Three regions of high productivity and high correlation between dW and CHL are chosen for this study (Figure 1 ). The northern North Atlantic and the northern North Pacific are the most highly biologically productive regions except the coastal regions. In the southern Ocean, the highly biologically productive region is also seen as a band stretching eastward from the Cape Horn. In those areas, the biological productivity has a strong seasonality in the basin scale such as the rapid growth of phytoplankton in springtime. So-called 'spring bloom' is thought to be caused by the increase of the incident of sunlight in springtime with sufficient nutrients that have been brought near the surface by the mixing due to the strong wind in wintertime. As expected, most of the correlation coefficients over the highly biologically productive region are positive (Figure 1b) , which is consistent with the expectation from the damping effect due to the natural surface film, except the coastal region. Biologically less-productive region (log 10 (CHL) < À0.7, see Figure 1a ) is avoided in this study (blank areas of the oceans in Figure 1b) because the natural surface film is not expected to be important over such less-productive region. Although coastal regions are biologically productive in general, they are not examined in this study because of the uncertainty in the accuracy of nearshore scatterometer wind. The accuracy of scatterometer wind in the coastal region has been discussed by Pickett et al. In spite of the relatively high positive correlation, the upwelling regions in the tropics are also avoided because the wind-induced upwelling is a dominant factor in the biological productivity, and the effects of CHL, SST, and wind speed on dW cannot be easily separated. For the above reasons, hereafter, we focus on the three regions in the sub-polar region, that is, the northern North Pacific, the northern North Atlantic, and the band in the Southern Ocean (three rectangles in Figure 1b) .
[11] In Figure 2 , dW are plotted against CHL in the three regions. The relations between dW and log 10 (CHL) are almost linear, and that dW increases from $À1 m s ). The calculation is avoided over biological lessproductive region (logarithm of the averaged CHL < À0.7) (blank areas of the oceans) because the natural surface film is not expected to be important over such less-productive region. 30-day running average is applied to the data to pick up the seasonality. Three rectangles indicate the high correlation area that we focus on.
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experimental studies although it is much smaller than the amplitude of dW observed from instantaneous comparison by Lin et al. [2003] . For instance, Feindt's [1985] laboratory wind wave tank experiments with X-band (9.8 GHz) scatterometer [see also Alpers and Hü hnerfuss, 1989, Figure 5] shows that artificial surface film causes $7 dB backscatter reduction at 7 m s À1 wind speed, which corresponds to $3 m s À1 wind speed underestimation. Singh et al. 's [1986] field experiment with airborne scatterometer shows that the HH polarized backscatter depression in Ku-band (13.3 GHz) also increases from approximately 3 -5 dB at 20°incident angle to $10 dB or more at 30°-40°i ncident angle and then decreases at the larger incidence angles. QuikSCAT is a Ku-band scatterometer with the incident angle 46°(horizontal polarization) and 54°(vertical polarization). That may be one of the reasons why the wind speed difference dependency on CHL in this study is smaller than the one of Feindt's [1985] result.
[12] The large standard deviation (error bar) in Figure 2 may indicate that the dW dependency on CHL is affected by the other oceanic conditions such as SST as mentioned below. By limiting the range of SST (e.g., 284 < SST < 286 K), the standard deviation became somewhat smaller. However, the general features remain the same (not shown).
[13] There is no significant dW dependency on wind speed in the moderate condition, say 4 < WN < 10 m s À1 (not shown), which has been already shown in many previous comparisons between scatterometer and buoy wind [e.g., Freilich and Dunbar, 1999; Quilfen et al., 2001; Ebuchi et al., 2002] .
[14] Attributing it to the water temperature-induced viscosity change, Liu [1984] has reported the Seasat scatterometer wind error dependency on SST under the weak wind condition (<6 m s À1 ) using the ship-measured wind speed and SST. In this study, the dW dependence on SST is also examined area by area, but the dependency on SST is almost negligible relative to CHL and WN (not shown), which is consistent with Ebuchi et al.'s [2002] comparison between QuikSCAT and buoy wind.
[15] To visualize the correlation between CHL and dW in the seasonal timescale where CHL has basin-scale variation, time series of dW, CHL, SST, WN, and WQ are plotted area by area in Figure 3 . Those time series are spatially averaged where the correlation coefficient between CHL and dW, r > 0.5 in each region (see Figure 1b) . Generally, dW and CHL have almost no time delay (less than $3-day, which is temporal resolution of the data). This result is reasonable because surface film is expected to almost immediately affect the surface roughness and cause the scatterometer wind error. It is interesting that the well-known intraseasonal variation in CHL ('spring bloom' and 'fall bloom') seems to correspond to the one in dW in the northern North Pacific (vertical dashed lines in Figure 3b ). On the other hand, SST has, generally, a couple of months time delay relative to CHL and dW, and no such double peaks as seen in CHL. WN also has no such clear double peaks although WN has a obvious seasonality. In addition to the many previous results that show no scatterometer wind dependency on wind speed under the moderate wind condition, the above results reinforce dW dependency on CHL, neither on SST nor WN.
Summary
[16] For the first time, satellite-derived SeaWiFS chlorophyll-a (CHL), QuikSCAT scatterometer wind speed (WQ), and NCEP/NCAR reanalysis surface wind speed (WN) and sea surface temperature (SST) are examined together over global oceans to describe the systematic error of the scatterometer wind related to plankton bloom.
[17] Focusing on the basin-scale high chlorophyll-a zone (the northern North Atlantic, the northern North Pacific, and the Southern Ocean), this study shows that dW and CHL are positively correlated with almost no time delay (less than 3 days). This tendency is consistent with the idea that natural surface film reduces the small cm-scale wave through the surface tension, causing the reduction of backscatter and the underestimation of scatterometer wind speed. The dW-CHL correlation in the subseasonal time scale gives further support to this effect. The dW dependency on log 10 (CHL) is almost linear, and dW increases from $À1 m s À1 to $0.5 m s À1 as CHL increases from $0.1 mg m À3 to $3 mg m
À3
. This $1.5 m s À1 reduction of the scatterometer wind with the CHL increase is in quantitatively agreement with the results of the previous laboratory and field experiments with artificial surface film.
[18] The verification of the wind speed dependency on natural surface film might be important not only for microwave scatterometer but also microwave radiometer [Alpers et al., 1982] . Comparing the Special Sensor Micro- , light blue) in (a) the northern North Atlantic, (b) the northern North Pacific, and (c) the Southern Ocean. Each time series is 30-day running-averaged and spatially-averaged where the correlation coefficient between dW and CHL is more than 0.5 in each area (rectangles in Figure 1b ).
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